Featured Application: Potential application of the present research is in the field of radar invisible materials.
Introduction
An increased interest in carbon-based materials (graphene, single, and multiwalled carbon nanotubes) as reinforcements for polymers in order to improve specific material properties (from mechanical to electrical) has been emerging in the last few years [1] [2] [3] [4] [5] . Different kinds of composites based on a polymer matrix are present on the market. Specifically, composites based on the epoxy resin are used as high-performance materials because of their excellent mechanical properties, chemical resistance, thermal stability, and low production cost. Some examples of their applications are glues, adhesives, protective surface coatings, and electrical insulators [6] [7] [8] . Possible applications of these composites are also in microwave absorbers and EMI (electromagnetic interference) shielding applications [9] [10] [11] [12] [13] [14] [15] [16] . Specifically, the tailoring of composites' complex dielectric permittivity is crucial for these two last applications. Indeed, high values of dielectric losses (ε" r ) stemming from both dielectric relaxation and conductivity ultimately lead to radiation absorption.
Thus, the maximization of dielectric losses is achieved by embedding particular fillers such as carbon nanotubes, graphene, or metallic nanoparticles into a polymer matrix.
In this paper, multi-wall carbon-nanotube (MWCNT) were dispersed in an epoxy resin polymer matrix in order to prepare a composite.. First, the morphology of the filler was investigated through field emission scanning electron microscopy (FESEM) and Raman spectra. The complex permittivity of pristine polymer matrix and composites with a given (4 wt%) was measured by means of a commercial dielectric probe. Experimental permittivity data were then used to compute the reflection coefficient of one-layer of a given thickness, backed by a metallic plate. Calculations were compared to the measured reflection coefficient of the composite. In addition, the effect of impurities, specific surface area and aspect ratio of the filler was also investigated. Experimental results confirmed the feasibility of epoxy resin-MWCNT (high aspect ratio) composites as microwave absorbers.
Materials and Methods

Materials Characteristics
MWCNTs (Nanothinx, Rio Patras, Greece) were selected for this work. Their characteristics, as declared by the manufacturer, are shown in Table 1 . MWCNTs were characterized by field emission scanning electron microscopy (FESEM, Zeiss Supra 40, (Oberkochen, Baden-Württemberg, Germany), energy-dispersive x-ray spectroscopy (EDX, Oxford Inca Energy 450, Oxford Instruments Abingdon-on-Thames, UK) and Raman spectroscopy (Renishaw Raman scope, 514.5 nm laser excitation, Wotton-under-Edge, United Kingdom). FESEM analysis was also used to investigate the MWCNTs dispersion in the polymer matrix (Epilox®, Leuna, Germany).
Sample Preparation and Characterization
Composite samples were prepared from a commercial bi-component thermosetting epoxy resin that acted as dispersing medium for carbon nanotubes. A commercial thermosetting resin (Epilox), produced by Leuna-Harze was used as a polymer matrix. It is a bi-component system formed by a resin and a hardener. Resin (T-19-36/700) is a commercial modified, colorless, low viscosity (650-750 mPa·s at 25 • C) epoxy resin with reduced crystallization tendency and a density of 1.14 g/cm −3 . The chemical composition of Epilox resin T19-36/700 is mainly Bisphenol A (30-60 wt.%), with the addition of crystalline silica (quartz) (1-10 wt.%), Glycidyl ether (1-10 wt.%), inner fillers (160 wt.%). Hardener (H10-31) is a liquid, colorless, low viscosity (400-600 mPa·s at 25 • C) modified cycloaliphatic polyamine epoxy adduct having density 1 g/cm -3 . A single 4 wt% carbon nanotubes loading was employed. 4 wt% choice was predicated on previous studies [17] concerning the dielectric properties of MWCNT/epoxy resin composites for different MWCNT amounts. Such an investigation had revealed that 4 wt% is a good trade-off between dispersion and dielectric behavior suitable for shielding applications. The sample preparation procedure is reported in [17, 18] . Briefly, epoxy resin and MWCNTs were mixed by using Ultraturrax for 5 minutes. Hardener was added at the manufacturer-suggested ratio (1:2). Composite solution was poured into a silicon mold and degassed under vacuum in order to remove air bubbles during the polymerization process. Complete polymerization in air took 24 h.
The complex permittivity was measured by a commercial probe (Agilent 85070D) and a network analyzer (E8361A, Keysight Agilent, Santa Rosa, CA, U.S.). A standard calibration short/air/water was performed before each measurement. Several measurements were done on each sample and the average values reported.
Complex Permittivity Modeling
The complex permittivity of the prepared samples was modeled through a Maxwell-Garnett (MG) formulation [19] . Such a model can be applied to samples containing a filler volume fraction below the percolation threshold. The MG model was derived from a quasi-static approximation regarding the polarization of the whole sample.
According to the MG model, the effective relative permittivity of a multiphase mixture (isotropic, linear, and with inclusions small compared to the wavelength) can be calculated through the following equation [19, 20] :
where ε b is the relative permittivity of the polymer matrix (base dielectric), ε i is the relative permittivity of the inclusions of type i, f i is the fraction volume occupied by the inclusions of type i, N ik is the depolarization factor of the inclusions of type i, k is each of the Cartesian coordinates (x, y, z), and n is the number of inclusion types.
The depolarization factors of canonical and oblate spheroids can be theoretically calculated. For instance, in the case of a needle. Like MWCNTs, the depolarization factors read [20] :
The electrical permittivity of the inclusions can be estimated from a theoretical model [19] by assuming that the conductive losses predominate over the dielectric relaxation:
where σ i is the bulk conductivity of the i-th filler.
One-Layer Absorber Analysis and Reflection Coefficient Measurement Setup
An electromagnetic wave incident on a slab formed by a layer of composite, backed by a metallic plane (perfect electric conductor) as shown in Figure 1 (top) was considered. When the reflected wave has a half wave phase difference with respect to the incident field, there is destructive interference and the total field vanishes. The geometry of Figure 1 can be modeled considering a plane wave and a transmission line model (see Figure 1 bottom) to simulate the reflection coefficient, S 11 [21] . Z air and Z composite are the characteristic impedance of the equivalent lines of air and composites as defined in [12] .
The reflection coefficient of small-sized backed by a metallic plane was measured in an anechoic chamber by means of a network analyzer (Rohde Schwarz, Munich, Germany) and two wide-band horn antennas. The specimen was positioned on a polystyrene cone pedestal. The distance between the pedestal and the two horn antennas was around 5 m. The floor around the pedestal was covered with standard pyramidal absorbers (see Figure 2) . Time gating was performed in order to eliminate multiple reflections. 
Results
Filler Morphology Characterization
The FESEM images of MWCNTs are reported in Figure 3 . In the inset, a high magnification (500 kX) picture shows that the diameters of MWCNTs are in the range 6-15 nm as stated by the manufacturer. Therefore, the high aspect ratio of the tubes tends to entangle them. Raman spectra and the associated relative curve fit are displayed in Figure 5 . Usually, the Raman spectrum of the MWCNTs is divided into two main features. The first one, located in the 1000-1700 cm −1 range, is related to the G and D bands of carbon. In fact, they are the peaks used to estimate defects (D) and graphitization grade (G). The second range (1700-3500 cm −1 ) is the second order of the Raman spectrum. D vibration overtone, G' or 2D band and the second order of D + G and 2G peaks, all belong to this wavenumber range. The calculated ratio (I D /I G = 0,95) shows a discrete organization of carbon structure with an intense D peak. The presence of 2D peak verifies the presence of defects [22] . 
Composite Characterization
Composite samples were crio-fractured and analyzed at FESEM in order to evaluate the dispersion grade of the MWCNTs. Some significant images are reported in Figure 6 . MWCNTs were not well dispersed into the polymer matrix due to the lack of any surface functionalization. Indeed, some agglomerates are still present like in the original material. Unfortunately, some agglomeration "comes with the territory" regardless of the dispersion method. Agglomerates reduce the electrical conductivity by decreasing the interconnection of conductive structures throughout the polymer matrix. Furthermore, agglomeration affects the dielectric properties of the material by lowering the amount of the filler surface area exposed to the binder. Consequently, the interfacial polarization decreases and both the real and imaginary parts of complex permittivity drop. In Figure 7 , the real part of the permittivity and the conductivity of the MWCNTs samples are shown together with the bare resin (Epilox). The measurements are compared to the Maxwell-Garnett model [19] as detailed in [23] . As expected, both dielectric constant and the conductivity of the MWCNT-loaded resin are higher than the corresponding parameters of the bare Epilox. In fact, the introduction of carbon nanotubes into the polymer matrix results in the creation of an interfacial polarization component (ε' r increase) and in the formation of a percolative conductive network across the composite (σ increase).
Analysis of One-Layer Absorber
Simulated results obtained considering a one-layer of thickness d = 2 mm and normal incidence are shown in Figure 8 (solid line) along with the measured data (dashed line) and the bare Epilox (dotted line). Practically no absorption occurs in the case of the resin alone. Obviously, the bare resin cannot benefit from any dielectric loss associated with either interfacial polarization or free-carrier conduction. On the other hand, the increase of the relative permittivity values upon the introduction of the MWCNTs into the polymer matrix produces a minimum in the reflection coefficient because of the increase in the interfacial polarization [24] . For a 4 wt.%, MWCNT concentration, a peak of −17 dB at 6 GHz is observed. 
Discussion
As previously stated, microwave absorbing materials (i.e., materials that limit the reflection and transmission) require high dielectric losses (imaginary part of the complex permittivity) in order to convert the energy of the impinging radiation into heat and dissipate it. Needless to say, nanostructured materials such as CNTs have the capability to maximize both terms of the dielectric loss: relaxation and conductivity. A few deductions can be inferred from Figure 7 and 8. First, the high aspect ratio of the tubes (≈ 1400) in conjunction with their high specific surface area (≈ 300 m 2 /g) brings about both a large interfacial polarization relaxing in the microwaves region and a good connectivity of the conductive structure across the composite [25] . Second, the presence of defects, as emerged from the Raman analysis, may lead to a further increase of the interfacial polarization. Hence, the relaxation of the interfacial polarization can account for the minimum in the reflection coefficient of the composite. Furthermore, a high aspect ratio and a high specific surface area can also cause multiple reflections (scattering), actually entrapping the radiation inside the material. Finally, both the high MWCNT aspect ratio and the relatively high (8 wt.%) content of metallic impurities enhance the composite conductivity and therefore the material losses.
In order to verify such hypotheses, a comparison of the results with a higher load (7 wt%) of structurally different MWCNTs was carried out. Figure 9 displays the real part of the complex permittivity and the conductivity for an Epilox resin loaded with 7 wt% of MWCNTs possessing the following characteristics: diameter (D) 22-45 nm, length (L) >10 µm, aspect ratio (AR = L/D) ≈ 300, catalyst residue 1.5 wt%, specific surface area (SSA) 200-250 m 2 /g. For the sake of simplicity, this sample will be referred to as AR300 while the one employing 4 wt% of high aspect ratio (AR ≈ 1400) MWCNTs will be indicated as AR1400. Although the concentration of MWCNTs in the AR300 composite was almost doubled (i.e., compared to the AR1400), the both the dielectric constant and the conductivity dropped (for instance ε' r (AR1400) = 12.1 and σ(AR1400) = 0.075 S/m; ε' r (AR300) = 7.4 and σ (AR300) = 0.025 S/m at 1 GHz). . Dielectric constant and conductivity of a composite (i.e., Epilox matrix) containing 7 wt% of "low aspect ratio" (AR ≈ 300), high purity (98.5 wt%) MWCNTs.
Thus, the morphological properties of the carbon nanotubes proved to be crucial in determining the dielectric characteristic of the composite. In fact, the lower SSA and aspect ratio of the AR 300 sample inevitably causes a reduction of the interfacial polarization. Consequently, the real component of the complex permittivity decreases. Apparently, also the conductivity seems to be affected by the smaller aspect ratio of the 7 wt% composite. However, the tube length is similar for both kinds of MWCNTs, and other parameters also need to be taken into account. For instance, the two samples differ in the wt% of the metal catalyst residue. Hence, the higher amount of metal particles in the AR1400 composite may also partially account for its higher conductivity. Such morphological (i.e., aspect ratio and specific surface area) and compositional (catalyst residue) features also reflect into the microwave absorption properties of the two materials. Figure 10 illustrates the reflection coefficient spectrum (for the AR300 composite. Despite the high concentration of carbon nanotubes compared to the AR1400 sample, the lower conductivity and dielectric constant resulted in similar amplitudes of the reflection coefficient. Thus, by optimizing the aspect ratio, specific surface area, and purity of the MWCNTs in order to achieve large interfacial polarizability and conductivity, it is possible to increase the microwave absorption of MWCNTs and design enhanced materials for EMI shielding.
Conclusions
Microwave absorbing nanocomposites based on the MWCNTs (4 wt%)/epoxy resin systems were prepared and characterized. The filler wt% was predicated on previous investigations exploring the relationship between MWCNT concentration, dispersibility, and complex permittivity. Indeed, 4 wt% represents a compromise between filler's uniform dispersion in the polymer matrix and high real and imaginary permittivity components. In fact, the formation of a conductive network throughout the composite volume allows for energy dissipation by both interfacial polarization and electron transport. Therefore, a 2 mm thick monolayer absorbing material was devised and tested for microwave reflection coefficient. The large interfacial polarization stemming from the MCWCNTs high aspect ratio (≈ 1400), and specific surface area (300 m 2 /g) resulted in a minimum in composite reflection coefficient at 6 GHz. Such an achievement is in good agreement with simulations. Moreover, dielectric and reflection coefficient measurements performed on epoxy resin composites comprised of morphologically-different MWCNTs demonstrated the aspect ratio, specific surface area, and purity represent dominant factors in determining the microwave absorption properties of the material (rather than the filler concentration).
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